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INTRODUCTION

One of the 1important advantages of x-ray techniques in structural studles is
that the x-ray data can provide some information about the dimensions of the
structure. Small-angle x-ray scattering, which is useful (1,2) for learning about
dimensions Erom about 10 to 2000 A, i1s an important method for 1investigating
structures too small to be resolved by optical or scanning electron microscopy.

Small-angle x-ray scattering has been applied (3--8) in several studies of the
porosity of charcoal produced by pyrolysis of wood. One of the questions considered
in this research was the dependence of the pore dimensions and some other properties,
of the pores on the temperature to which the wood was heated during the process of
pyrolysis in which the charcoal was produced.

We have already described (6~-8) the results of our application of small-angle
x~ray scattering in studies of several charcoals prepared by heating to temperatures
not exceeding 1000°C. 1In order to learn about the effects of higher preparation
temperatures, we recently examined a series of charcoals from black cherry (Prunus
serotina Ehrh.) wood heated to temperatures from 600° to 2000°C. The results are
summarized in this report.

In addition to obtaining some information about the pore structure of black
cherry charcoal, we have developed a general picture of how the charcoal porosity
depends on the temperature to which the wood was heated during pyrolysis. We have
found (8) that for wood and for charcoal heated to temperatures not exceeding 350°C,
the small-angle x-ray scattering 1s dominated by the scattering from crystalline
cellulose, and 1little can be learned about the pore structure. At heating
temperatures between 350° C and 400°C, this cellulose decomposes, and for charcoals
prepared by heating to about 400°C, our scattering data indicate that there are
large pores, called (9) macropores, with dimensions of at least a wmicron,
transitional pores, which have dimensions of the order of a few hundrend A, and a
relatively small number of much smaller pores, which, using Dubinin's terminology
(9), we will refer to as micropores and which have average dimensions which do not
exceed approximately 30 A. The scattering curves which we have now obtained for
charcoals prepared by heating to temperatures above 1000°C show that these higher
preparation temperatures have a relatively small effect on the scattering assoclated
with the macropores and transitional pores, but for preparation temperatures above
400°C, the scattering ascribed to the micropores increases rapidly with the
preparation temperature. These results have led us to propose that the macropores
in charcoals are similar to those in wood and that the main effect which pyrolysis
at temperatures above 400°C exerts on the pore structure is to cause the micropores
and transtional pores to grow, while leaving the macropores almost unchanged.

*This material 1s based on work supported by National Science Foundation Grant No.
DMR 79-03943.

**Current Address: Bell Laboratories, 4500 S. Laburnum Ave., Richmond, VA 23231
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EXPERIMENTAL TECHNIQUES AND METHODS OF DATA ANALYSTS

The samples were prepared (10) by Paul R. Blankenhorn at the Pennsylvania State
University School of Forest Resources by heating black cherry wood to temperatures
of 600, 1500, 1750, and 2000°C in a nitrogen atmosphere.

Our scattering data were recorded by the methods discussed in Reference (8),
which also reviews the corrections which we applied to the measured scattering
curves.

We now will summarize some of the methods and techniques which we employed in
the interpretation of our small-angle x-ray scattering data from charcoals. 1In a
typical small-angle scattering study, x-rays from an x-ray tube are formed into a
well-defined beam, usually by slits, and strike the sample. A small fraction of
these x-rays are re-emitted, without change of wavelength, in directions different
from that of the incoming beam. The intensity of these re-emitted x-rays, which are
called the scattered rays, and their dependence on the direction in which they are
emitted depend on the structure of the sample. In a scattering experiment, the
intensity of the x-rays scattered in different directions is recorded, usually with
some type of proportional counter. From an analysls of these data, an attempt {s
made to obtain information about the structure of the sample.

While there 1s no general prescription for analyzing the scattering pattern
from an arbitrary sample, we will review some methods useful for interpretation of
scattering measurements from porous materials like charcoals. For a sample which
has a structure characterized by a dimension a, most information obtainable from
scattering measurements will be found at scattering angles 6 in an 1interval for
which

0.1 < ha < 10, D)

where h = (4n/A) sin(8/2); 0 is the scattering angle (that 1is, the angle between the
directions of the 1Incident and the scattered beams); and A is the x-ray
wavelength. For angles no greater than about 7 degrees, sin §/2 can be approximated
by 8/2, and so for small scattering angles, h can be considered proportional to 6.
According to Inequality 1), for a structure with dimension a, the scattering 1s
determined by the product ha, so that there is an inverse relationship between the
size of the structure and the h values at which the scattered intensity from this
structure is appreciable. Since the x-ray wavelengths are normally of the order of
1 or 2 A, Inequality 1) implies that the x-ray scattering from structures with
dimensions between about 20 and 2000 A will be observed at scattering angles no
greater than a few degrees. Small-angle x-ray scattering thus can be used to study
these submicroscoplc structures.

X-rays are scattered by electrons, and the small-angle scattering will be
appreciable when the sample contains regions in which fluctuations or variations in
electron density extend over distances of 10 to 2000 A. At small angles, the
scattering process is unable to resolve structures smaller than about 10 A, and so
in the analysis of the scattering data, the atoamic-scale structure can be
neglected. We therefore found it convenient to consider the charcoal sample to be
composed of two phases, with constant but different electron densities. One of the
phases 1s carbonized wood, and the other is air. Because the electron density of
air 1s so small, the scattering from the air in the pores can be neglected, and the
pores can be considered to be empty.

When the two phases always are separated by a sharp, discontinuous boundary,
and when h 1Is large enough to satisify the condition ha_» 3.5, where a_ 1is the
minimum characteristic dimension of the structure, the scaltered intensityu&(h) can
be approximated by (11)

2
2 S/M) M
"pz.(/) Mo 2)

I(h) = 7 LA

where p 1s the difference of the electron densities of the two phases, Ie is the
intensity scattered by a single electron; S is the total surface area separating the
two phases 1n the sample; M 1is the mass of the sample; and A is the cross-sectional
area of the sample perpendicular to the incident beam. According to Equation 2), in
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the outer part of the small-angle scattering curve (that 1is, when ha > 3.5), the
scattered Intensity is proportional to h™" and thus to the inverse foutth power of
the scattering angle. Moreover, when 1I(h) has this angular dependence, the
magnitude of the scattered intensity 1s proportional to the specific surface S/M,
which 1s the surface area per unit sample mass separating the two phases.

As we explain 1in Reference (1l), the quantities I A and M/A can be evaluated
from the x-ray data, and so Fquation 2) can be employed to calculate the specific
surface S/M from the scattering data for samples with submicroscopic porosity.

The specific surface S/M calculated from Equation 2) i{s often referred to as
the “x-ray specific surface”, since it 1s determined from the x-ray scattering
data. In this discussion of our studies of charcoal, it is lmportant to remember
that the x-ray speclfic surface 1includes only the surface of pores large enough to
satisfy the condition ha_» 3.5. The x-ray specific surface thus represents only the
surface of the macropores and transitional pores and does not {nclude the
contribution of the micropores. This result, we believe, {s the maln reason why
speclfic surfaces measured by adsorption, which often takes account of the surfaces
of all three classes of pores, can be much larger than the x-ray specific surfaces.

To analyze the scattering curves which we have obtained from charcoals, we made
least-squares fits of a theoretical scattering equation which contained terms
representing the contributions to the scattered intensity from all three types of
pores. Thils equation can be expressed

S S
M 1 2
1A~ [+ ———————
e A h4 N (e 2 N h2)2

2

I(h) = 2mp + % v? F_(hb)]. 3)

where S1 and S, are the surface areas per unit sample mass assoclated with the
macropores and transitional pores; ¢ 1s a constant proportional to the average
characteristic dimension of the transitional pores; N is the number of micropores in
the scatterlng sample: b {s the average dimension gf the micropores; V 1is the volume
of a micropores; the bar indicates an average of V° over the sample; and Fm(hb) is a
function which describes the angular distribution of the scattering from the
micropores and which is defined to have the property that F_(0) = 1. The micropores
are assumed to scatter 1independently of each other. e term 1in Equation 3)
proportional to SZ describes the scattering from the transitional pores and 1is the
expression obtained by Debye, Anderson, and Brumberger (12) for the scattering from
a two-phase sample with a random distribution of scatterers. We feel that this
expression 1s a reasonable and convenient way to approximate the scattering from the
transitional pores. The macropore scattering 1is represented 1in Equation 3) by the
term proportional to S;. The macropores are so large that our scattering data permit
only the calculation of the specifie surface of these pores and provide no
information about their dimensions.

RESULTS AND DISCUSSION

Figure 1 shows the scattering curves which we obtained for southern pine wood
heated to 400°C at different rates (8). When the sample temperature was raised at a
rate of 50°C per minute, the scattering pattern was quite similar to the curve
obtained for wood before heating. For a temperature rise of only 1°C per minute, on
the other hand, the inner part of the scattering curve 1s nearly proportional to the
inverse fourth power of h, as would be expected for the scattering from macropores,
while in the outer part of the scattering curve, the intensity is nearly constant,
as we would predict for micropores. The third curve in Fig. 1 is for a sample with
a temperature increase of 10°C per minute and is intermediate beween the other two
curves, We have shown (8) that the change from a curve like the curve for a heating
rate of 50°C/min to a curve with the form of the curve for 1°C/mia is accompanied by
the disappearance of the large-angle diffraction peaks from cellulose. We have
therefore concluded that the curve for a heating rate of 1°C/min represents the
scattering from only the pores in the charcoal.

Figure 2 shows the scattering curves for black cherry samples heated to
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temperatures of 600, 1500, 1750, and 2000°C. Regardless of the temperature at which
the sample was R{epared, the 1inner part of the scattering curve 1s nearly
proportional to h™'. This reglon of the curve 1s almost the same for all heating
temperatures, but the intensity in the outer part of the curve rises as the heating
temperature s increased. This part of the curve contains the information about the
micropores.

The curves 1in Fig. 2 were determined by least-squares fits of Equation (3) to
the scattering data for the black cherry charcoals. 1In the fits of the scattering
data recorded for samples produced at 1500°C and above, for F_(hb) we used the
function P,(h,1) calculated (13) for assemblies of uniform spherical scatterers with
different diameters. With this fitting function, we obtained at least an adequate
fit. In our analysis of the curve for the sample heated at 600°C we employed an
Fm(hb) function of the same form as the functlon chosen to represent the scattering
from the transitional pores. We multiplied the average micropore dimension obtained
in this fit by a constaant which permitted this b value to be compared with the other
average micropore dimensions.

As can be seen from Table 1, which lists some of the quantities obtained from
the least-squares fits of Equation (3), when the preparation temperature 1is raised
from 600°C to 2000°C, the constant N 3

B=mv, 4)
which expresses the magnitude of the scattering from the micropores, Increases by a
factor of almost 50, while thf fverage micropore dimension b 1s not even doubled.
[The rather unusual units cm”A”/gm used for B are convenient for some analyses
discussed in Reference (8).] If the shape of the micropores is independent of the
preparation temperature, the square of the volume of a pore is proportional to b~,
aand according to Equation 4), B/b” should be proportional to N/M, the number of
pores per unit mass. From the values of B and b in Taple 1, as the temperature of
sample preparation increases from 600°C to 2000°C, B/b° varles by about 30% around
its average value for the four samples. Within the relatively large upcertainty
resulting from the fact that b 1s raised to the sixth power, B/b’ thus {is
independent of the pyrolysls temperature. We therefore can consider that the number
of micropores, which according to Equation 4) 1is proportional to B/b°, remains very
nearly constant, so that higher pyrolysis temperatures lead to charcoals with larger
micropores, but the number of micropores does not change appreciably.

In our discussion of data analysis, we have avoided wmaking any precise
statements about the meaning of the average pore dimensions, since the definition of
these average dimensions depends on the pore shape and on the distribution of pore
dimensions. However, Equation 3) contains terms which give the scattering from the
the three classes of pores. The models used to obtain the terms for the
contributions from the transitional pores and micropores specify what the average
pore dimensions represent in these models. 1In the expression for Fm(hb) which we
used to describe the scattering from the micropores for preparation temperatures of
1500°C and above, b 1s the most probable micropore radius 1in a system of
independently~-scattering spheres with different radii. The 1interpretation of the
other average dimensions is discussed in Reference (12).

The quantities Sl, S,, and B were evaluated by the techniques we employed 1in
our investigation of soutﬁern pine charcoal (8). 1In our calculations, we assumed
(8) that the density of the carbon 1in the charcoais was gm/cm~, while we took the
mass absorption coefficient of carbon to be 4.60 cm“/gm.

In Table 1 we show only the total x-ray specific surface (S, + SZ)’ since we
found that the region of the scattering curve which was nearly proportional to the
inverse fourth power of h was not long enough to permit a good separation of the
contributions of the macropores and transitional pores to the total x-ray specific
surface. We estimate that the uncertalnty 1in the x-ray specific surfaces in about
25%. Since the x-ray specific surface S1 + 52 is so nearly the same in all four
samples, we suggest that the macropore structure in the charcoal samples 1s almost
the same as in the wood from what the charcoals were prepared.

While the uncertainty in the value of ¢ computed from the least squares fits
increases to about +50% for the sample heated to 2000°C, our fits show a steady
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growth in the average dimension ¢ of the transitional pores as the preparation
temperature becomes higher.

Unfortunately, we were not able to obtain black cherry samples heated to
temperatures between 600°C and 1500°C. Samples prepared in this temperature
interval would probably give a wore detailed description of the effect of pyrolysis
temperature on the number and average dimension of the micropores.

We feel, however, that the scattering curves which we have presented here are
sufficient to support our views about the relation between the pore structure and
the teumperature at which the sample was prepared. From our analysils of the
scattering data, we have concluded that when the charcoals are prepared by heating
to 400°C, most of the scattering comes from the macropores and transitional pores,
with a relatively small contributfon from the micropores, the dimenslons of which
are not large enough to be determined reliably from the scattering data. For
pyrolysis at temperatures 1in the 1Interval from 400°C through 2000°C, the
transitional pores and micropores become larger, while the x-ray speclfic surface
and the number of micropores remaln nearly the same.
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TABLE 1
Quantities Evaluated from the Least-Squares Fits

Pyrolysis 5),* S B(cn3A3/gm) b(A) c(d)
Temperature (m /gm§

600°¢C 1.6 2.9 1.3 0.33 x 10?

1500 1.7 60 2.0 0.76 x 10

1750 1.9 87 2.1 2.2

2000 1.8 122 2.4 5.3
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